[P lates [1][2][3] The m orphological, physical a n d chem ical changes in th e cuticle du rin g th e form ation of th e p u p ariu m in cyclorrhaphous flies are described. The larval cuticle contains a b o u t 60% chitin, th e pu p ariu m ab o u t 47 % . A lm ost all th e non-chitinous substance is p ro tein. An ex p lanation is given of th e hardening of th e p u p ariu m .
possible to remove the chitin and leave the other substances intact. The obvious way of obtaining information about the physical and chemical processes by which soft and colourless chitin is converted into the hard and dark type, is to compare the cuticle of a freshly moulted insect with the fully hardened and darkened cuticle of the same stage. This method, however, has a drawback in so far as at the time of moulting only the smaller part of the new cuticle already exists, while the larger part is newly formed during the hardening and darkening process (Wigglesworth I933)-There exists, however, a peculiar case in which a soft and colourless cuticle becomes hard and dark without any apparent growth. This situation occurs in the formation of the puparium in the cyclorrhaphous flies, which include the common houseflies and blowflies. The third larval instar of these flies contracts into the well-known barrel shape of the puparium. When the shaping of the puparium is completed, the cuticle is still white and soft. This stage is commonly called the white pupa, and it is an accurate time mark from which to date the age of the pupa, as it lasts for a few minutes only. Almost as soon as the white pupa is formed, the cuticle starts to darken and harden. The puparium is, therefore, materially identical with the cuticle of the third larval instar, there being no inter vening moult as in other cases. It was therefore hoped that a comparison of the physical and chemical properties of the larval cuticle and the puparium would give information concerning the nature of the processes' by which this transformation is accomplished and about other material changes which accompany it.
Although the formation of the puparium from the cuticle of the last larval instar is an aberrant case in the insect phylum, the puparium itself is a typical example of the hard and coloured type, while the larval cuticle is a typical example of the soft and colourless type. The results should have, therefore, a general significance beyond the particular reaction which has been the object of investigation.
The present investigation commenced with the blowfly, Calliphora erythrocephala Meigen, but later Sarcophaga falculata Pand. was almost exclusively used, its much larger size facilitating the preparation of material. The results of this work seem to apply generally in all cyclorrhaphous flies, apart, possibly, from slight differences in the proportion in which the different constituents of the cuticle occur.
The results of the investigation are recorded in the briefest manner in the following pages.
B . P r e pa r a t io n of th e m aterial
The larvae were killed by heating them quickly in water at 65° C, at which temperature the muscle protein is coagulated. After cutting them into two parts, the whole content was scraped away from the cuticle with a scalpel. The muscles, which appear white in the coagulated state, are easily distinguished from the colourless cuticle and can be removed quan titatively. Subsequently, except where otherwise stated, the clean cuticles were dried at 100° C and stored in the dry state. Puparia up to the age of 3 days were prepared in the same way. In the early puparium up to 1| days, removal of the muscles is more troublesome than in the larva, and requires careful cleaning with cotton-wool swabs. In the later pupae, the empty puparia were obtained by pulling out the pupae with a pair of forceps. The use of empty pupal cases, from which the fly had naturally emerged, is not advisable, because they always contain the cast pupal moult, and sometimes part of the meconium. In all the chemical deter minations the puparia were previously dried at 100° C. In the X-ray and swelling studies the cuticles were cleaned by scraping, but there was no previous heating of the larvae or pupae. Except in certain special cases the larvae and pupae were reared at 27° C.
C. T h e p h y sic a l ch ang es d u r in g th e form ation of th e p u p a r iu m
(1) Morphological changes during the pupal contraction About 1| hr. before the formation of the white pupa, the larvae become sluggish and very gradually appear to broaden and shorten. This gradual shortening proceeds until the puparium is shaped. This shortening is by no means just a temporary contraction, for during this time the actual extended length of the larva is becoming less and less. The contraction is not reversible. While the larval cuticle has essentially a homogeneous appearance, the puparium shows under slight magnification a regular circular striation which is at right angles to the longitudinal axis. Along these lines of striation the puparium can be readily split.
The shortening of the larval cuticle must have been known for a long time. However, it does not appear to have been realized that the con traction, apart from a muscular action, is mainly a contraction of the cuticle itself. Neither has the phenomenon of contraction taking place in this tissue, which does not contain in itself contractile elements, been regarded as problematical. Table 1 summarizes the results of several measurements on larval cuticles and puparia. Diagrams showing the relative shapes and sizes of larva and pupa are given in figure 1 b). Hence the length of the cuticle contracts c. 40 %, while the circum ference expands c. 12 % during the transformation from larva to pupa. Furthermore, the surface area decreases by c. 36 %. It will be shown later that the shrinkage of the larval cuticle on drying amounts to c. 22 %. The loss of surface area during pupation is somewhat greater than this, so there is evidence that the structure becomes more compact in the puparium.
(2) Histological changes during the pupal contraction
The histological examination of cuticles from was carried out by Miss B. M. Rickers in the Department of Zoology and Applied Entomology, Imperial College, London. Both ordinary para n sections and freezing sections were made. In the latter case, the animals were killed and coagulated by warming at 60° C, but were otherwise not treated with any fixative. Using both these sectioning methods no differ ence between the thickness of larval and pupal cuticles was detected.
The cuticle consists of two layers, a thin, outer one, the exocuticle, and a thick, inner one, the endocuticle. In the sections cut with the freezing microtome, but not in the paraffin sections, the larval cuticle has a wavy lamellar structure which is confined to the endocuticle (figure 2). Puparia do not have the same structure, but in both the freezing and paraffin sections there is a series of fine lines parallel to the surface (figure 3). When viewed by polarized light, the pupal cuticle appears homogeneous.
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F ig ure 2. F rozen section th ro u g h th e larv al cuticle of erythrocephala, showing th e w avy lam ellar s tru c tu re of th e endocuticle e2. e1 = exocuticle, h = hypoderm is. d = d u c t of a derm al gland. Immediately after the puparium is formed, darkening of the cuticle sets in and proceeds very quickly. In figure 4 sections of puparia of increasing age are shown. Pigmentation commences at the external surface and proceeds inwards.
(3) Role played by the nervous system during the formation of the puparium It has been shown already (Fraenkel 1935 ) that ligaturing the blowfly larva across its longitudinal axis does not prevent either half pupating, if this is done less than 16 hr. before pupation. If the ligature is placed a longer period before pupation, only the anterior part pupates, while the posterior part remains unchanged. This is due to the production in the anterior part of a hormone, which is indispensable for the formation of the puparium. The anterior part of the fly larva, separated as it is from the posterior part by a ligature, not only contains the hormone-producing gland, but also the whole of the central nervous system, which is con centrated in the larvae of flies in a single mass in the anterior part of the body. After ligaturing, the anterior part retains its motility, but the posterior part becomes completely motionless. When pupation occurs in the ligatured blowfly larva, the anterior part performs a normal pupal contraction, becomes a white pupa and sub sequently darkens. However, the posterior part does not contract, and the cuticle darkens and hardens exactly in the external state in which it is in the larva. This darkening and hardening of the uncontracted cuticle is apparently normal, but the cuticle does not seem to become quite as hard as in the contracted case. From this we obtain two facts:
(1) Darkening and hardening are independent of the contraction process.
(2) The contraction of the cuticle is performed with the aid of muscular processes. This is clear from the fact that if the muscles are paralysed by separating them from the central nervous system, the pupal contraction in the cuticle is no longer possible.
(4) Changes in molecular structure Changes in the molecular structure of the cuticle, during the larva-pupa transformation, were studied by X-ray means. Whereas it was hoped that information concerning both the chitin and non-chitinous substances would be obtained in this way, only the changes occurring in the chitin structure were elucidated. If the non-chitinous substance were protein, it is scarcely to be expected that it would give a pattern that could be dis tinguished from the much stronger chitin photograph. Certain principal reflexions to be expected from fibrous proteins (namely, 5*1, 3-4, 4-65 and 9-11 A) would correspond very closely indeed with the strongest reflexions in the chitin pattern.
Chitin has been studied by X-rays on several occasions. Meyer and Pankow (1935) have given a reasonable interpretation of the structure, and they find a rhombic cell with a = 9-40 A, b = 10-46 A, c = 19-25 A. The interpretation is based on the close similarity of the chitin and cellulose chains composed as they are of chitobiose and cellobiose units respectively. As a structural framework in the plant cell wall, chitin may replace cellu lose, as in fungi (Phycomyces). That chitin has but one crystalline structure, whether of plant or animal origin, has been shown by van Iterson, Meyer and Lotmar (1936) (see also Astbury and Bell 1939) . Clark and Smith (1936) have studied chitin from the lobster ( americanus), and also various derivatives of chitin. They make the general ization that chitin in surface structures, such as the carapace, shows no orientation of chains with respect to an axis in the surface, while chitin in fibrous structures, such as the limb 'tendons', is oriented with reference to the long axis of the structure. However, this generalization does not hold in the case of pupa cuticles described in the present paper. With regard to the synthesis and secretion of chitin we know little, but Clark and Smith (1936) draw attention to Borodin's observations on the pro duction of tiny ellipsoidal particles in the cuticle of a marine worm, and refer to these as ' macromolecules ' of chitin.
The above-mentioned studies were made on purified chitin, and were aimed, of course, at determining the structure of the chitin molecule. In the present work, the foremost interest has been the study of the chitinprotein complex which constitutes the cuticle. Only a few studies have been made on specially purified chitin obtained from blowfly cuticles.
Preliminary studies were made on material from Calliphora but later a more extended examination was made of cuticle. Where similar studies were made, the result was the same in the two types, but the photographs described in this paper were all taken using the Sarcophaga material. Cuticles were studied from several stages of the larva, from the white pupa stage and from the later brown pupa stageThey were removed from freshly killed animals, which had not been treated in any way, and the muscles and hypodermis were thoroughly scraped away. In the first place cuticles were studied while still moist. Several layers, cut from the middle region of the segments, were superposed so as to form a bundle of layers, approximately 1 mm. thick and 1 mm. wide. In each case, X-ray photographs were taken, (a) with the beam to the cuticle surfaces, (6) with the beam directed parallel to the cuticle surfaces and parallel to the original longitudinal axis of the body, and (c) with the beam directed parallel to the surface and parallel to the trans verse axis of the body. For (c) strips were cut parallel to the longitudinal axis and were superposed to form bundles similar to those described above.
A description of the diffraction patterns is given below. In these cases are illustrated only photographs which demonstrate certain special points concerning the arrangement of chitin in fresh, moist cuticles. A more complete series of photographs of dried cuticles is given later. Many features of the molecular orientation found in the fresh cuticle remain the same in the dry cuticle.
(1) Larva.
(а) Beam perpendicular to the surface. The diffraction pattern obtained . is that of chitin, and consists of a series of Debye-Scherrer rings. From this it can be concluded that there is no orientation of the chitin chains with respect to an axis in the surface (cf. figure 9 , plate 1).
(б) Beam parallel to the surface and parallel to the longitudinal axis, and (c) beam parallel to the surface and parallel to the transverse axis (figure 5, plate 1). These two orientations of the specimen give similar pseudo-fibre photographs indicating that the chitin chains lie approximately parallel to the surface of the cuticle. That they are not strictly parallel to the surface is shown by the considerable angular dispersion of the 3-4 A meridional arcs.
(2) White pupa.
(a) Beam perpendicular to the surface. The chitin pattern is now oriented with the chains running approximately transverse to the long axis of the body. Apart from the change of orientation, there is no apparent difference between the chitin of the larva and that of the white pupa (cf. figure 11 , plate 2).
(b) Beam parallel to the surface and parallel to the longitudinal axis. From the decreased length of the 3-4 A arc it is seen now that the chitin chains lie more closely parallel to the surface than in the case of the larva cuticle (figure 6, plate 1).
(c) Beam parallel to the surface and parallel to the transverse axis. The beam is now directed along the average direction of the chitin chains, but there is much dispersion of these about the transverse axis in the plane of the surface. The diffraction pattern shows a kind of superposed ring and fibre photograph, and there is no evidence for the special orientation of side chains, as described later for the dried material (cf. figure 13 , plate 2).
(3) Hard brown pupa.
(а) Beam perpendicular to the surface. As in the white pupa, the chitin chains are oriented approximately transversely. This orientation parallel to the transverse axis is a little more marked than in the case of the white pupa cuticle (cf. figure 14 , plate 2).
(б) Beam parallel to the surface and parallel to the longitudinal axis. The chitin chains lie very closely parallel to the surface of the puparium, and this parallelism is more perfect than in the white pupa (cf. figure 15 , plate 2).
(c) Beam parallel to the surface and parallel to the transverse axis. The same general features are observed in this pattern as in the pattern from the fresh white pupa cuticle with the beam directed similarly (cf. figure 16 , plate 2).
From the foregoing results of an X-ray examination of cuticles, the following conclusions are to be drawn:
(1) In the larval cuticle, the chitin crystallites lie only approximately parallel to the surface, and they are disoriented in planes parallel to the surface.
(2) In the white pupa the chitin crystallites lie more closely parallel to the surface, but the most striking feature is that they now show orientation roughly parallel to a transverse axis in the surface.
(3) In the hard brown pupa the crystallites are oriented still more closely parallel to the surface than in the white pupa, while the orientation parallel to a transverse axis in the surface is also a little better developed.
These results are in complete agreement with observations on the micro scopic structure of the cuticles. In the larval cuticle transverse striations are not seen, while these are very typical of the white pupa cuticle and the puparium. In the larva, the X-ray diagrams with the beam directed parallel to the cuticle surface show only an approximate parallelism of the chitin chains with reference to the surface and this must be due in part to the unevenness of the layers as seen in perpendicular sections of the larva cuticle (figure 2). The cuticles of all stages can be split into layers parallel to the surface, and this is just what would be expected from the arrange ment of chitin chains. That the puparium can be readily split along the transverse axis is, of course, a direct consequence of the orientation of the chitin chains approximately parallel to the transverse axis.
In the transformation from larva to white pupa, the pupa cuticle appears to contract at the same time as the body is contracted by muscular action. Whereas in the temporary contractions of the motile larva the cuticle folds, during the formation of the white pupa the cuticular con traction is effected by a change of molecular orientation. Such a change is one which would be expected to occur if there were a process of stretching directed along a transverse axis in the surface. The lateral expansion of the contracted body immediately suggests itself as a cause. Measurements made upon the circumference of larvae and pupae (see p. 4) show an increase of 12 % in the circumference of the pupa. This, together with the tension developed during the removal of water following the white pupa stage, would account for much of the orientation of the crystallites so that they lie approximately parallel to the transverse axis. To illustrate this, a section from the cuticle of a larva was stretched laterally by 12 % and allowed to dry at this new length. Upon taking an X-ray photograph with the beam directed perpendicularly to the surface, it was seen that the chitin chains lie approximately parallel to the direction of stretching, and have a degree of orientation approaching that found in the normal brown puparium. The degree of orientation of the chitin in the puparium explains the effect observed, namely a contraction of 40 % in the length of the cuticle. The primary cause of this effect is considered to be the lateral expansion of the contracted body, but there may be other factors which influence the change of molecular orientation in the intact cuticle.
To illustrate the mechanism of transverse orientation in another way, we may discuss the result of studies upon cuticles of ligatured larvae. The effect of ligaturing has been described in a previous section, and it is only necessary to recall that the normal contraction of the larva is prevented, although the process of pupation proceeds more or less normally. X-ray photographs of these hard brown cuticles were taken as in the case of normal puparia, but the material was allowed to dry in air.
{a) With the beam perpendicular to the surface (figure 7, plate 1). The diffraction pattern obtained shows no orientation of the chitin chains with respect to an axis in the surface. This result differs markedly from that found in the corresponding hard brown cuticle of normal non-ligatured pupae.
(6) With the beam parallel to the surface and parallel to the longitudinal axis (figure 8, plate 1). The pattern shows that the chitin chains lie approximately parallel to the surface. In addition, as the reflexions of spacing 4*65 A (200) and 9*5 A (002) are at right angles to one another, it is clear that the (002) planes tend to lie parallel to the surface. In figure  18A , (002) planes contain both the axes a and b, and it is the planes ab which lie parallel to the surface. This particular orientation is due to the flat shape of the crystallites as illustrated in figure 18D . From these X-ray studies it is evident that the transverse orientation of chitin chains in normal puparia is dependent upon the normal con traction of the body by muscular action. The peculiar condition in the puparium of ligatured larvae, where (002) planes of the chitin structure lie parallel to the surface, may be explained by contraction forces developed in the plane of the surface during drying. Water is removed from the cuticle while it is stretched over the body, which remains in its extended condition.
Information upon the kind of aggregation of chitin and protein was obtained from a study of the effect of drying cuticles. Photographs taken of cuticles, dried in air upon the surface of glass plates, gave the following results:
(а) Beam perpendicular to the surface (figure 9, plate 1). The diffraction pattern is in all general appearances similar to that of fresh, moist cuticles. However, one difference between the photographs of wet and dry specimens is apparent immediately. In the case of wet specimens, the reflexion at 9-5 A (002) is displaced towards the centre, but this effect may be due to the presence of proteins, in which structures the side-chain spacing is similar and is susceptible to the action of water. The effect is observed in all stages from larva cuticle to puparium, and it can be seen in a com parison of figures 6 and 12.
(б) Beam parallel to the surface and parallel to the longitudinal axis (figure 10, plate 1). The chitin chains lie approximately parallel to the surface, the parallelism being closer than in the case of moist cuticles. In addition, as the reflexions 4-65 A and 9-5 A are at right angles, it is clear that the (002) planes have become oriented parallel to the cuticular surface. An essentially similar diffraction pattern is obtained when the beam is directed parallel to the transverse axis.
(а) Beam perpendicular to the surface (figure 11, plate 2). The chitin orientation is very similar to that in the moist pupa cuticle.
(б) Beam parallel to the surface and parallel to the longitudinal axis (figure 12, plate 2). The chitin chains lie closely parallel to the surface, as observed in the case of the wet cuticle.
(c) Beam parallel to the surface and parallel to the transverse axis (figure 13, plate 2). In this pattern it is evident from the position at right angles to one another of the 4*65 A (200) and 9'5 A (002) reflexions that the (002) planes tend to lie parallel to the surface. The results obtained are practically identical with those using moist puparia. There is no definite evidence that (002) planes become oriented parallel to the surface in the dry material. Photographs taken with various orientations of the specimens are given below:
(а) with the beam perpendicular to the surface (figure 14, plate 2); (б) with the beam parallel to the surface and parallel to the longitudinal axis (figure 15, plate 2); (c) with the beam parallel to the surface and parallel to the transverse axis (figure 16, plate 2).
These observations on the orientation of (002) planes during drying of the larva cuticle provide some information on the state of aggregation of the chitin at this stage. If the chitin crystallites were firmly linked to gether, it is unlikely that they would show this change of orientation upon drying. It seems, therefore, that the micelles or crystallites are relatively separated, or at most very loosely attached to one another. While no similar observation can be made upon dried puparia because of the very small contractions which occur on drying, the state of aggregation of the chitin was studied in the following way. Puparia were compressed between glass plates in water and in steam by applying strong pressure with Hoffman clips. An X-ray examination of such specimens showed very little orientation of the crystallites with the (002) planes lying parallel to the surface. The orientation remained substantially the same as it is in the uncompressed condition. On the other hand, larva cuticles pressed while fresh show almost complete orientation of (002) planes, while the effect of pressing white pupa cuticles shows a similar change of orientation, but this is less complete than in the larva. In the fresh larva cuticle the a and c axes are randomly dispersed in planes perpendicular to the surface, but in the dried or pressed cuticles the c axis lies perpendicular to the surface, while the a axis lies parallel to the surface. Heyn (1936) finds this condition in the cell wall of sporangiophores of the fungus Phycomyces, but as his studies have been made upon pressed and presumably dried material, it is not certain that the same orientation would be found in the living cell wall. In their studies of soluble chitin precipitated from solution in hydro chloric acid, Clark and Smith (1936) observed no orientation of crystallites with the (002) planes lying parallel to the surface. However, in their chitosan prepared from a chitin sheet, such as the lobster carapace, they observed that the (002) planes of the rhombic chitosan lie approximately parallel to the surface. The treatment with a saturated solution of sodium hydroxide at 95° C, as used to produce the chitosan, seems to have freed the crystallites so that the a axes rotate and lie parallel to the surface of the dried sheet. In our investigations a similar observation was made on puparia which were purified in diaphanol, a treatment which results in substantially pure chitin. After such treatment, the crystallites have rotated so that the (002) planes lie parallel to the surface, as is shown clearly in figure 17, plate 3, where the beam is directed parallel to the surface and parallel to the trans verse axis (cf. figure 16 , plate 2). One interpretation of this phenomenon would consider the removal of the intermicellar material from around individual micelles, thus allowing freedom of rotation of crystallites. The binding effect of this intermicellar substance is clearly seen in the resistance offered to compression forces, no appreciable orientation of the (002) planes being effected. In figure 18 , plate 3, A represents the unit cell of chitin, as found by Meyer and Pankow (1935) , while B and C give the orientation of chitin crystallites with reference to the plane of the surface in normal and purified puparia. D illustrates the approximate shape of the laminar chitin crystallite.
It is apparent that the chitin is more dispersed in the larva cuticle than in the puparium. Whereas the crystallites can be rotated in any direction in the larva cuticle, this freedom of rotation is lost in the puparium, where the chitin appears to be aggregated into a more rigid framework. In a later section measurements will be given of the swelling of cuticle from larvae and pupae, and these throw further light on the factors which determine the hardness of the puparium.
Comparison of diffraction patterns obtained from larval and pupal stages
In order to be certain that the crystalline structure is the same in every detail in two specimens, diffraction patterns were compared by the sector method described by Astbury and Woods (1933) . By this method one can detect small changes in spacing and small variations in the intensity and width of the lines. To be certain that varying orientations are not the cause of the observed differences, only specimens ground to powder with pestle and mortar were employed. Such powders were packed into holes to give equal thickness of material in the direction of the transmitted X-ray beam.
A complete series of comparisons was made between material from the various stages, both before and after purification. The more important of these are described and figured below:
(a) Comparison of cuticles from larva and white pupa stage. In figure 19 , plate 3 it can be seen that the chitin pattern is practically identical in larva and white pupa cuticle. The spacings as well as the intensities of the various lines correspond exactly.
(b) Comparison of white pupa cuticle and the brown puparium (figure 20, plate 3). Whereas the spacings of the chitin still correspond in the two cases, the intensities of some of the lines differ. In powder photographs some of the observed reflexions are superposed, and this applies to the [ (030) (031) Thus we can conclude that in the puparium the crystallinity of the chitin lias become less perfect along the a and c axes, with no comparable effect along the b axis. A similar change was observed when white pupa cuticles were compared with puparia obtained from ligatured larvae.
(c) Comparison of the brown p u p a ri u m w i t h from purified (figure 21, plate 3). The purified chitin was obtained by treating puparia with diaphanol. For comparison with the natural puparium, this chitin was mixed with protein extracted in water from larva cuticles. The mixture was made up of one part of chitin to one part of protein, these being very nearly the proportions occurring in the natural puparium. The comparison photograph shows that reflexions other than ( O k O ) are altered in the natural puparium, but not in the mixture.
(d) Comparison of purified white pupa chitin with natural white pupa cuticle ( figure 22, plate 3) . The chitin was obtained pure by treatment with 5 % potassium hydroxide solution. It was mixed with approximately 40 % of the larval cuticle protein to give a mixture resembling closely the composition of the natural cuticle of the same stage. In this comparison no marked difference between the chitin patterns was detected other than a slight weakening and diffuseness of the (203) and [(202) (210)] reflexions in the photograph of the natural cuticle.
(e) Comparison of purified white pupa chitin and purified brown pupa chitin. From figure 23, plate 3, it can be seen that there is no difference between the purified chitin from these stages.
From this series of comparisons we can conclude that the purified chitin is essentially the same in all stages. It has been demonstrated, however, that at the hard brown pupa stage the chitin in situ undergoes a change, the crystallinity apparently deteriorating along the a and c axes, but not along the b axis. The alteration is not permanent, since on removal of the impregnating material the degree of crystallinity returns to about that observed in the white pupa and larval stages. Changes in chitin structure as brought about by the action of concentrated hydrochloric acid (Clark and Smith 1936) , show first a progressive disappearance of the (030), (031) reflexions and then a reduction in the perfection of the (002) reflexions. The (200) spacings remain unaffected. The alteration observed in the transformation to the brown puparium is in the opposite direction, the (200) and (002) reflexions being changed while the (030) is unaffected.
The most probable mechanism of this change at the brown pupa stage is by way of association between chitin and protein. Astbury, Preston and Norman (1935) have given evidence for a mixed crystallization of cellulose and xylan in vegetable fibres, the two substances having a fundamentally similar structure. The natural fibres yield X-ray photographs which are interpreted as showing less perfect crystallinity than xylan-free fibres. In the blowfly cuticle we have some kind of a chitin-protein combination, and on account of the general spacial similarity between chitin and protein of the a-keratin type, a mixed crystalline condition is conceivable. A large body of information is growing to show the important inter-relationship between polysaccharides and protein, and one can specially instance immunity reactions. Also, in the widely occurring mucoproteins we have various carbohydrates constituting the prosthetic groups (Meyer 1938) .
The observed change of chitin structure occurs in the hard brown puparium. Combination between chitin and other substances must alter the physical properties of both materials, and it is most likely that the hardness of the puparium can be attributed, in part, to such changes.
(5)
The swelling of the cuticle The hardness of a tissue, such as the cuticle, will be dependent upon the degree of hydration of its structure. In a later section are given estimates of the water content of larva and pupa cuticles, but here we are concerned principally with the dimensional changes of cuticles upon drying.
Small rectangular pieces of cuticles of known orientation were measured with the microscope while wet. They were then allowed to dry upon the surface of mercury at 65 % relative humidity and 22-2° C. Some of the specimens were replaced in distilled water and the swelling was measured.
The mean values for the contraction on drying and the swelling on rewetting are given below:
T a b l e 2 P ercentage co n tractio n P ercentage swelling from from fresh to d ry sta te d ry to rew etted sta te along along along along tran sv erse longitudinal tran sverse longitudinal axis axis axis axis L a rv a 13-5 10 0 8-1 7-2 W h ite p u p a 8-2 11-6 5-3 9-2 P u p a riu m (light brow n) 3 1 4-3 P u p a riu m (h ard brow n) 0-94 2-5
From table 2 it is clear that during the larva-pupa transformation the cuticles progressively lose their ability to swell and hold water. From studies upon the fresh and dry weights of cuticles (p. 18) it is seen that there is approximately three times as much water in the larval cuticle as in the 1| day puparium. This change in the water content is undoubtedly connected with the change from the soft and pliable condition of the larva and white pupa cuticle to the hard and brittle puparium.
The swelling of the chitin itself was estimated from a study of a hard brown puparium which had been purified in diaphanol.
From tables 2 and 3 it is seen that the swelling of the chitin framework and of brown pupa cuticle are approximately of the same order. Hence the protein content of the puparium makes no apparent contribution to the amount of swelling.
T a b l e 3
Percentage co n tractio n from w et s ta te to d ry sta te Along tran sv erse axis Along longitudinal axis
2-2 3-6
The picture which can be drawn from these data is as follows: chitin in the larval cuticle is in the form of a dispersed phase in a highly hydrated protein phase. In the brown puparium the degree of hydration has been greatly reduced, and chitin and protein are aggregated into a firm appar ently continuous framework. In a previous section, evidence has been given for a combination of protein and chitin, and it seems that the puparium is effectively such a continuous phase of chitin-protein. In the puparium the protein fails to swell. This may be due to the condition of the protein itself, or merely because it is enclosed in a continuous frame work of chitin. Evidence for the comparatively loose structure of the chitin in the larva cuticle and the more compact structure in the puparium has been given in the previous section.
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D . T h e chem ical ch anges d u r in g th e form ation of th e p u p a r iu m
(1) Increase i dry weight
It is clearly shown in table 4 that the dry weight increases considerably in the puparium. Since the weight of the cuticles of larvae reared at different times varies considerably, each series of determinations has to be treated by itself. In each series care was taken that only larvae or pupae of approximately equal size were chosen, and for each determination of a series, between ten and twenty larvae or pupae were used.
The puparium reaches a weight which is 122-130 % that of the cuticle of the white pupa. Most of this weight increase takes place during the first day of the puparium. The weight also increases considerably from the moment the larva is fully fed and starts to empty the gut until the for mation of the white pupa. (2) Change in water content For determining the water content, fresh cuticles were blotted thoroughly on filter paper, weighed, dried at 100° C, and weighed again. ---43 P u p a , 1 h r.
-41 --P u p a , 4 h r.
-50 --P u p a , 5 h r.
- Table 5 shows that puparia during the first hours undergo a rapid water loss and this action only starts after the white pupa is formed. The deter minations were not systematically continued in pupae older than 1| days. At about this period the hypodermis becomes separated from the puparium, which undergoes further drying until, presumably, it is in equilibrium with the atmospheric humidity. In its early stages, the puparium is in contact with the living tissues and undergoes considerable changes through activity of the hypodermal cells with which it still forms a unit. If the pupae are kept at a saturated humidity, water is lost in precisely the same way as with normal pupae. This is shown in a series where white pupae were placed in 100 and 0 % humidity and kept there for 5 hr. at 27° C. At the end of this period the dry weight of those kept at 100 % humidity was 45*2 %, and of those kept at 0 % humidity 48-4 %. The difference between these figures seems insignificant. Water KOH 5% Water KOH 5% Water KOH 5% Water KOH 5% at 100° C at 100° C at 100° C at 100° C at 100° C at 100° C at 100° C at 100° C for 2 days for 2 days for 1 day for 2 days for 1 day for 2 days for 1 day for 2 days % % % % % % % % Larvae crop full 68-8 57 (3) Changes in solubility of certain constituents of the cuticle during the formation of the The primary aim of these studies was to determine accurately the amount of chitin present in the cuticles of different stages. Samples of cuticles of different stages were treated first with water at 100° C. for 24 or 48 hours, and then with 5 % potassium hydroxide solution at 100° C. for 48 hours. Repeated experiments and checks with different methods showed that 1 or 2 days' treatment at 100° C. decreased the weight of the cuticles by an amount which is subsequently only slowly altered by further treatment. The results of several series of determinations are tabulated (Table 6 ). Each series refers to a separate batch of larvae of identical size, and the cuticles were prepared at various subsequent stages of development. It is seen that the amount of water soluble material decreases steadily from about 33 % in the larval cuticle to about 8 % in the puparium. At the same time, the amount of alkali soluble material, which includes the water soluble fraction, increases from 4 0 % [in the larval cuticle to 5 3 % in the puparium. The changes in the amount of water-soluble and alkali-soluble material are comparatively small during the conversion of the larva into the white pupa. The major changes with respect to solubility occur during the first day of the pupa, which is a period in which the puparium is still in contact with living tissue.
(4) Constancy of chitin (a) After treating larval cuticles or puparia with 5 % potassium hy droxide solution at 100° C, approximate constancy of weight is reached in 1-2 days. Residues as a percentage of the original weight are given below:
Larval cuticle: 62-6, 62-5, 61-9, 61-6, 59*3. Puparia:
47-6, 47*9, 46-9, 46-8, 46-3, 47-2, 46-0.
(b) Cuticles treated with 5 % hydrochloric acid gave the following results:
Larval cuticle: 1 day in 5 % HC1 at 100° C 59*8 % 2 days " " 57-4 % Puparia:
1 day in 5 % HC1 at 100° C 55-4 % 2 days " " 50-3 % 4 days " " 45-2 % The above figures are slightly lower than those obtained by other methods. The low residue weight in the case of larval cuticles may be correlated with the tendency of these to break into small fragments when treated in this way.
(c) As a third solvent a concentrated solution of chlorine dioxide in 50 % acetic acid was used. This solution is known as diaphanol. Puparia treated at room temperature (18° C) gave the following residue weights: 1st week . ... 47'2 % After 10 weeks' treatment in diaphanol, larval cuticles reached constancy of weight at a figure which is 60-4 % of the original weight.
It is suggested that the residue in all these cases is pure, or almost pure, chitin, and support for this view is given by the following facts:
(1) The nitrogen contents of purified cuticles were determined.
Larval cuticles treated with 5 % KOH N-content = 6-4 % Puparia treated with diaphanol N-content = 6*5 % 6-3 % Puparia treated with 5 % KOH N-content = 6'5 % 6-4 % The theoretical figure for the N-content of chitin is 6-89 %.* (2) Chitin is soluble in concentrated mineral acids. The residue after acid, alkali or chlorine dioxide treatment dissolves almost completely in concentrated hydrochloric acid in the cold.
We can, therefore, regard the chitin content of the larval cuticles to be about 60 %, and that of the puparia at the time of emergence about 47 %. Considering that the dry weights of puparia and larval cuticles are related approximately as 125: 100, it appears that the absolute amount of chitin is practically unchanged from the larva to the pupa. The proportion 60:125 is very nearly equal to 4 7 :100. The same result has been obtained more directly. The entire cuticles of larvae and puparia in different stages were treated for 2 days with 5 % potassium hydroxide solution at 100° C. The weight of the insoluble matter, which is considered to be chitin, is given in table 7. The figures in brackets indicate the number of specimens used for the determinations. In series II and IV the larvae were obtained from batches in which the specimens were smaller than those which provided the material of series I and III. It is seen that the amount of chitin in cuticles of larvae (crop empty) is practically identical with that found in puparia. The increase of weight from the larva with the crop full to the white pupa is the expression of a real growth of chitin, and this has been dealt with already, tables 4 and 6.
The conclusion is that the amount of chitin remains unchanged during * W e are indebted to Mr A. R . T rim for m aking th e nitrogen determ inations reported in this paper. the formation of the puparium and the subsequent hardening processes. This result is particularly noteworthy in view of the fact that hitherto the hardening of chitin has often been spoken of as ' chitinization ' and a hard sample of insect cuticle as being 'heavily chitinized'.
(5)
The protein fraction of the cuticle
There are many indications that the water-and the alkali-soluble fractions of the cuticles consist almost entirely of protein.
(а) From the previous sections it is seen that about the same fraction as is soluble in dilute alkali is also soluble in diluted mineral acids.
(б) The nitrogen content of the cuticles has been determined as 9*8 % in larvae and as 10-9 % in puparia. Therefore we can calculate the nitrogen content of the alkali-soluble fractions with the help of the following data:
N-content of insoluble chitin = 6-4 % Chitin content of larva cuticle = 60 % Chitin content of puparium = 47 % Hence the nitrogen content of the alkali-soluble fraction both from larval cuticles and puparia is 14-9 %. This value is typical of proteins.
(c) The water-soluble fraction shows strong protein reactions. The amount of water-soluble material is much greater in the larval cuticle than in the puparium. As the treatment is protracted, or the temperature raised, more material dissolves in water, table 8. 15-2 % N for larval cuticles. 15-1 % N for puparia. These figures, which are very similar to those calculated in (6) above, suggest that the whole of the extract may consist of protein.
Concerning the nature of the proteins in water extracts, some preliminary tests were carried out, with the results shown in table 9.
It appears from the various tests reported in table 9 that the reactions of the protein, dissolved from the puparia on autoclaving at 135° C are very similar to those of the protein dissolved from the larval cuticles treated at 100° C for 1 day. That there are changes in the protein fraction is clear from its reactions with acetic acid. When extracted in the cold, it does not precipitate with acetic acid; extracted at 100° C it precipitates partly, and when extracted from the puparium by autoclaving, it pre cipitates entirely. A detailed investigation of the characteristics of proteins in the larval cuticles and puparia is at present in progress. The protein in the larval cuticle, which is largely water-soluble, becomes in the puparium insoluble, the greatest solubility change being shown after the white pupa stage. Linked with this is the great change in water content and,ability to swell in aqueous solutions. The change in solubility may be similar to that shown in the relationship between collagen and gelatin, gelatin being produced from collagen on autoclaving. However, the cuticular protein differs from gelatin in giving an intensely positive Millon reaction and in precipitating from aqueous solution with tri chloroacetic acid.
T a b l e 9. P r o t e i n t e s t s c a r r i e d o u t w i t h w a t e r -s o l u b l e FRACTION OF THE LARVAL CUTICLES AND PUPARIA
A m m onium
X-ray diffraction patterns of proteins extracted from larval cuticles in the cold, and of extracts at 100° C, are typical of a system of fully extended polypeptide grids. It should also be noted here that the patterns indicate that the cuticular protein does not actually belong to the collagen-gelatin group (see Astbury 1938).
(6) Graphical presentation of the changes in solubility of the various con stituents of the cuticle during the larva-pupa transformation ( 24) The measurements during the pupation process of change in cuticle weight, loss of water, change in solubility of the proteins in water, and change in the proportion of chitin to non-chitinous matter, can be presented in a graphical form which illustrates the interrelationship of the changes. The absolute amount of chitin is unchanged. The water-soluble fraction (24 hr. treatment at 100° C) decreases rapidly during the first day of the puparium, and slightly more until the third day, after which time it remains constant. The water-insoluble, alkali-soluble fraction increases rapidly during the first day of the puparium, and slightly more until the third day. It is clear that the greater part of the water-soluble protein of the larvae becomes water insoluble in the puparium. However, it seems to be present in the puparium in a state in which it can be made soluble again by treatment at high temperatures. The whole of the fraction, constituting the increase of weight from the larval cuticle to the puparium, is alkalisoluble. It consists of pigments and, according to the evidence of the previous section, protein.
(7) The pigmentation process (а) After the white pupa is formed, it immediately starts to darken, and passes through a yellowish and a reddish to a deep brown state.
(б) Figures for the tyrosine content of larval cuticles were 2-38 and 2-37 %, and for the puparia 1-92 and 1-93 %.* Taking into account the increase of weight shown by the puparium and assuming that this increase carries no tyrosine, then the amount of tyrosine in the puparium, supposedly free from the weight increase, is 2-40 %. Thus in the pupa, all the tyrosine originally present in the larval cuticle can be accounted for. G raph showing changes in w ater co n ten t, w eight, an d solubility of various co n stitu en ts of th e cuticle of S arcophaga, from th e late larval stage u n til th e emergence of th e fly. Abscissae = tim e in days. O rdinates = percentage w eight w ith reference to th a t of th e w hite p u p a cuticle w hich is tak en as 100 % .
(c) The tyrosinase-tyrosine reaction requires the presence of free tyrosine. Actually, no free tyrosine could be found in the water-soluble fraction of the larval cuticles. This supports the view that tyrosine in the pigmentation process is derived from within the body.
(d) The water extracts of the larval cuticle do not show the presence of 'dopa' with the ferric chloride test, but the 3-6 hr. old puparia give a marked positive reaction. It is concluded that no free 'dopa' is contained in the larval cuticles.
(e) Since the origin of pigment in the puparia is entirely from outside the cuticle, the chromogen being derived from inside, and oxygen from the atmosphere by way of the tracheae, the pigment constitutes an addition to the weight of the larval cuticle. The nitrogen content of melanin itself has been found to be about 8-6 % (Raper and Wormall 1925). The nitrogen content of the non-chitinous substances in the puparium is about 15 %. Assuming that this is protein nitrogen, we may conclude that melanin is present in very small quantities and contributes little to the increase of cuticle weight after the white pupa stage.
E. D i s c u s s i o n
Hitherto it has been generally assumed that soft and colourless types of insect cuticle consist almost entirely of chitin, and that hard and coloured types contain, in addition to pigments, unknown substances called incrustations. The presence of lipoid material in the cuticle was first recognized by Kuhnelt (1928) , but since this substance constitutes only a very small fraction, we are neglecting it for the present. The presence of protein has been shown qualitatively by Kuhnelt (1928) and Wigglesworth (1933) , but it is only recently that the large proportion of protein in the cuticles has been recognized (Evans 1938).
The difficulty of determining the constituents of the insect cuticle has arisen from the fact that three, possibly four, largely insoluble substances -namely, chitin, melanin, insoluble proteins, and possibly another un determined substance-are contained in the cuticle in close association. In selecting the cuticle of the blowfly larva and its conversion into the puparium as the object of the present investigation, it was hoped that the physical and chemical changes which it undergoes during this conversion would throw light on the composition of both states in which the insect cuticle occurs; namely, the colourless and soft type, and the coloured and hard type. It has been pointed out in the Introduction how it is that larval cuticles and the puparia constitute particularly favourable material for the study of these problems. On the other hand, it must not be forgotten that we are dealing with a somewhat aberrant case, and that not all the results can be applied immediately to other objects. It will be partly the object of the following paragraphs to consider the general validity of the results obtained.
(1) Quantitative determination of the chitin content of tissues Hitherto two main methods have been employed for determining the amount of chitin in the insect cuticle. Van Wisselingh's chitosan method, in the modification described by Campbell (1929) , consists of heating the cuticle in a saturated solution of potassium hydroxide at 160° C for 30 min., during which time all the substances which are associated with chitin dis solve, and the chitin is converted into chitosan. As a quantitative method for the estimation of chitin this procedure is not likely to yield reliable results, since the chemistry of chitosan is not sufficiently well known.
Considering these difficulties, Campbell uses this method mainly as a qualitative test for chitin, and for quantitative purposes he treats the cuticle in 15-20 % potassium hydroxide solution at 60° C for 14 days, after which time the residue is assumed to be almost pure chitin.
The other method of purifying chitin is by treatment in a concentrated solution of chlorine dioxide in 50 % acetic acid. This reagent, introduced under the name diaphanol by Schulze (1922), was originally employed for purifying cellulose from lignin and other incrustations with which it is associated in wood. Koch (1932) claims that treatment of insect cuticles with chlorine dioxide until complete decoloration has taken place, followed by treatment with sodium bisulphite, removes the incrustations quantita tively. With this method, the chitin content in the elytra of Melolontha vulgaris has been found to be 48 %, in the cuticle of the caterpillars of Pieris brassicae-64 %, in the abdominal sclerites of Periplaneta orientalis-38 %. We have shown that treatment of puparia for 9 weeks with Chlorine dioxide yields a residue which is almost pure chitin. However, there can be no doubt that short period treatment with diaphanol, as it is employed in the histo logical technique, removes only a small part of the non-chitinous substances. The slowness of the purifying action of chlorine dioxide is probably an advantage, in that it leaves the chitin fraction substantially unchanged.
In our experience 2 days' treatment of cuticles with 5 % potassium hydroxide solution at 100° C yields practically pure and unchanged chitin. By this treatment, about 40 % substance is removed from the larval cuticles, and 53 % from the puparia of Sarcophaga. Recently, Evans (1938) reports that with the cuticles of the meal worm, Tenebrio molitor, 65-9 % dissolved in 1 % potassium hydroxide during 2 hr. treatment at 100° C. The nitrogen content of the alkali-soluble part was 15*4 %, and of the residue 8-5 %. This treatment was not carried through till constancy G. Fraenkel and K. M. K udall of weight of the residue was attained, and the nitrogen value of the residue suggests that the state of pure chitin was not reached. Therefore, the chitin content of the meal worm cuticle must be regarded as well below 34 % of the cuticle. The same treatment with the cuticle of the blowfly larva, Calliphora erythrocephala, yielded 49 % residue, with a content of 7-1 %. The nitrogen content of the extracted material suggested to Evans that it was chiefly protein, and this conclusion was confirmed by the strong positive xanthoprotein and Millon reactions and the weak biuret reaction. The large quantities of protein in the insect cuticle revealed by the publication of these data had not been expected. Buxton (1932) described a method for determining the amount of cuticular material in insects. This consisted of drying whole insects, grinding them up and treating them in potassium hydroxide solution for 24 hr. The residue was taken to represent the skeletal tissues, or, in other words, the cuticle. From Evans' observations, and also from our own experience, it is clear that this treatment removes much alkali-soluble material from the cuticles, and the figures obtained represent considerably less than the amount of the entire cuticle, and considerably more than the amount of chitin. It includes, incidentally, all material which does not dissolve in 1 % potassium hydroxide at 100° C within 24 hr., irrespective of its cuticular or non-cuticular origin.
(2)
The pupal contraction The formation of the puparium has often been referred to as a pupal contraction. It is indeed initiated and brought about by contraction of the body muscles. After disconnecting the central nervous system by ligaturing the larva at its anterior end, no contraction takes place during the formation of the puparium. The mechanism of the change of dimensions in the cuticle has been elucidated by X-ray diffraction studies. The cuticular contraction proceeds by changes of the orientation of long chitin crystallites from their arrangement in the larva, where they are randomly dispersed in planes parallel to the surface, to their arrangement lying approximately parallel to the transverse axis in the puparium. In the case of ligatured larvae, the arrangement of the chitin chains in the pupa is approximately the same as in the larva. The simplest explanation of this rearrangement is to consider a lateral expansion of the contracted pupa body, in which case the cuticle is stretched laterally, and, in fact, a lateral extension of the isolated cuticle does produce a similar rearrangement of the chitin chains. It is probable that loss of water from the cuticle also causes strains along the transverse axis, and thus improves the orientation. These observations on the contracting cuticle give an excellent picture of the way in which orientation of organic material can be effected. In many cases of relative growth the orientation in one structure must be affected by the growth of a neighbouring tissue.
It is certain that the lateral orientation of the chitin structure plays a part in the mechanism of escape from the puparium. Although the splitting of the puparium during the emergence of the fly takes place along a line of preformed weakness, the transverse orientation of the chitin crystallites must increase very considerably the ease with which this cleavage can be brought about.
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3) The hardening of the puparium Insect cuticle is either soft or hard, and hard cuticles always pass through a soft stage in the course of the hardening process, but it has been suggested that an undetermined substance (incrustation) was the cause of the hardening. Great emphasis was laid upon the analogy between chitin and cellulose, which are closely related polysaccharides. It was assumed that cellulose hardens into wT ood by the formation and addition of lignin; similarly, incrustations were considered to harden chitin.
During the hardening of the puparium several processes take place which will influence the hardness.
(a) The higher degree of chitin orientation in the puparium would increase the tensile strength of the cuticle, and thus contribute to its apparent hardness. The hardness and brittleness of the puparium is, nevertheless, not completely explained in these terms. Compared with puparia purified with diaphanol, the natural puparia are more brittle and give the impression of being harder, but the chitin orientation is similar in both cases. Also, in the puparia of ligatured larvae, the orientation of the chitin remains much as it was in the larva, yet the pupa cuticle of this type is considerably hard.
(b) On account of the dehydration process during the first day of the pupa, the substances which compose the puparium become more closely packed together than they are in the larval cuticle. This constitutes another cause of hardening. Although no other investigations have been made on the water content of soft and hard cuticles, it is certain that the process of dehydration during hardening is of general occurrence in insects. It can be assumed that soft cuticles of larvae have a much higher water content than hard cuticles of adults.
(c) The water soluble proteins of the larval cuticle become largely insoluble in the puparium. This is possibly due to a condensation of smaller units into larger units. Evans (1938) found that the loss in weight of the cuticle of the adult Tenebrio molitor after treatment in potassium hydroxide solution at 100° C is 'very much less than in either pupa or larva'.
(
d)
The ability to swell in water is very largely lost in the hard brown puparium, whether in normal or ligatured specimens. The X-ray studies and the swelling data lead to a picture of the chitin-protein association. In the larva cuticle we have a dispersed phase of chitin in protein, while in the hard puparium we have a condensed chitin-protein association. The chitin lattice is affected, and a mixed crystallization of chitin and protein is suggested. Such a mixed crystallization is likely to prevent protein swelling and to increase the hardness of the structure.
Experiments were described showing that water is removed from the puparium in contact with the body, even in a saturated atmosphere. This suggests that condensation of the chitin structure is squeezing water out of the protein, or as is more probable, that there are changes in the protein itself with the elimination of water and loss of ability to attract water. It is suggested that the dehydration of the cuticle, the growing insolubility of its constituents and the loss of swelling power are due to the protein hydrophilic groups reacting with one another and/or with the chitin side-chains.
The factors enumerated in (a) to ( would be sufficient to account for the hardening process and may be summarized as changes in the chitin structure and changes in the protein structure. This kind of phenomenon is probably related to the process taking place during the encystment of unicellular organisms and, as far as the protein constituent is concerned, to the phenomena of keratinization in vertebrates. For example, the teeth of the lamprey, though continually immersed in fresh water, attain a considerable degree of hardness.
It does not seem necessary to postulate the existence of special in crustations which cause the hardness of the puparium, and there is only a restricted meaning in the term ' chitinization ' which has been used to describe the process of toughening, or hardening, in insect cuticles. Whereas there is relatively more chitin in the soft larval cuticle, the structure is soft because of the hydration of the protein content. In the puparium there is relatively less chitin, but the protein has lost its ability to swell. Hence the swelling of the puparium is very similar to that of chitin itself and only in this sense can the puparium be referred to as ' chitinized'.
(4) The pigmentation process Dewitz (1902) has shown that the colouring of the puparium of flies is a fermentative process, and since then it has been recognized that the ferment involved is the oxidase tyrosinase, which converts tyrosine into melanin in the presence of molecular oxygen. The presence of ' dopa5 as an intermediary stage in the formation of the pigment in the several hours old puparium, and the absence of 4 dopa ' in the larval cuticle sug gest that the pigmentation starts from tyrosine. No tyrosine is contained in the free state in the larval cuticle, and it was shown by an analysis of the total tyrosine contained in larval cuticle and puparium, that the chromogen for the pigmentation process is derived from within the larva. It has been shown previously (Fraenkel 1935) that the oxygen which is required for this fermentative process is supplied through the tracheae, and does not come directly from the atmosphere. In view of the fact that both the chromogen and oxygen are obtained from inside the larva, it is surprising that the colouring starts in the outer layer of the puparium and proceeds inwards. 1. The morphological and histological changes in the cuticle during the formation of the puparium in cyclorrhaphous flies are described.
2. The pupal contraction, which results in the barrel-like shape of the puparium, is performed by muscular action. If the central nervous system is separated from the muscles, a puparium is formed retaining the shape of the larval cuticle.
3. During the conversion of the larval cuticle into the puparium the following physical and chemical changes take place:
(a) The arrangement of the chitin crystallites changes from random orientation in planes parallel to the surface in the larval cuticle, to an arrangement in the white pupa cuticle and puparium where they lie approximately parallel to the transverse axis. This change of orientation explains the degree of contraction in length shown by the cuticle.
(b) In the larval cuticle the chitin crystallites can be rotated in any direction by the application of forces of compression or extension. This freedom of rotation is lost in the puparium. After compression or simply by allowing the larval and white pupa cuticles to dry on glass plates, the chitin crystallites become oriented so that (00 planes lie parallel to the surface. The same orientation is obtained in puparia only after removal of the non-chitinous substances. It is suggested that these impregnating substances hold the chitin crystallites firmly together.
The ability of the larval and white pupa cuticles to swell in water is very much greater than that of puparia, whether normal or from ligatured specimens. The swelling of puparia is of approximately the same order as that of the chitin framework itself.
(d) The dry weight of the puparium increases to about 125 % of that of the larval cuticle.
(e) The water content decreases from about 70 % in the larval cuticle to about 40 % in the 36 hr. old puparium. This dehydration is regarded as having a chemical basis. Later a further purely physical drying takes place, and in the air-dried puparium there is a water content of about 12 %.
(/) The larval cuticle contains about 60 % of chitin, and the puparium about 47 %. The absolute amount of chitin remains unchanged during the formation of the puparium.
(g) The water-soluble fraction decreases from approximately 33 % to approximately 8 %.
(h) The alkali-or acid-soluble fraction increases from approximately 40 % to 53 %. The water-insoluble and alkali-or acid-soluble fraction increases from approximately 7 % to 45 %.
4. It is considered that almost all the non-chitinous substance in the larval cuticle and puparium is protein, which is comparatively watersoluble in the larval cuticle and water-insoluble in the puparium.
5. The water-soluble protein which is extracted from larval cuticles in the cold or on boiling, and from puparia by autoclaving, shows peculiar properties which distinguish it from other proteins. It is characterized by high solubility in hot water, and after being precipitated in trichloroacetic acid, it redissolves on heating. It gives an intense Millon reaction.
6. The hardening of the puparium can be explained in terms of the following facts:
(а) The higher degree of chitin orientation.
(б) The closer packing, by dehydration, of the substances which form the puparium.
(c) The increasing insolubility of the proteins in the puparium.
The change from a dispersed phase of chitm in protein to a condensed chitin-protein association. A series of X-ray comparison photo graphs is given and these show that the chitin pattern is altered in the natural puparium. The degree of crystallinity apparently deteriorates along the a and c axes but not along the 6 axis. It is suggested that this is due to a mixed crystallization of chitin and protein.
(e) The loss of swelling power in the puparium. 7 . It is not necessary to postulate the existence of special incrustations, and the term ' chitinization ' hitherto often used for describing the process of hardening in the insect cuticle is misleading. There is no increase in chitin content, but the swelling power of the puparium resembles closely that of chitin itself.
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A p p e n d i x {added in proof)
Since this paper was communicated, two papers by M. G. M. Pryor (1940) have appeared, which deal with the mechanism of the hardening process in the insect cuticle. While it is not possible to discuss this work in detail here, we should like to add the following remarks:
1. We have shown that the hardening process is intimately connected with the increasing insolubility of the protein constituent of the cuticle. Pryor's suggestion concerning the introduction of aromatic cross-linkages in the protein during this stage would help to explain the mechanism of the change; but for a complete understanding of the condition and function of the hardened cuticle it is necessary to consider also other factors which are associated with the process.
2 . The identical values of the nitrogen content in the non-chitinous fraction of larval cuticles and puparia show that added phenolic compounds cannot be present in the puparium in other than very small amounts. This is the more so if the chromogen, as suggested by Pryor, does not contain nitrogen.
3. While we agree with the term ' sclerotized ' protein, we consider that ' sclerotin as a specific name for a protein is inappropriate. Any tanned or fixed protein, irrespective of its amino-acid composition, has as much claim to the term 'sclerotin' as these insect proteins. 
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D e s c r i p t i o n o f p l a t e s
P la te 1 F ig u r e 5. X -ra y p h o to g ra p h o f la rv a l cuticle, ta k e n before drying. Beam parallel to th e surface a n d p arallel to th e lo n gitudinal axis. T he tran sv erse axis is o rien ted v ertically .
F ig u r e 6. X -ra y p h o to g ra p h o f w hite p u p a cuticle ta k e n before drying. T he o rie n ta tio n of th e specim en is th e sam e as in figure 5.
F ig u r e 7. X -ra y p h o to g ra p h o f p u p a riu m o b tain ed from a larv a w hich was lig atu red . B eam p e rp en d icu lar to th e surface.
F ig u r e 8. Sam e specim en as in figure 7 , b u t w ith th e beam d irected parallel to th e surface a n d p arallel to th e lo n g itu d in al axis. The tran sv erse axis is oriented vertically .
F ig u r e 9. X -ra y p h o to g ra p h of dried larv al cuticle. B eam perpendicular to th e surface.
F ig u r e 10. Sam e as in figure 9 , b u t w ith th e beam parallel to th e surface and parallel to th e lo n g itu d in al axis. T he tran sv erse axis is o riented vertically.
P la te 2 F ig u r e 11. X -ra y p h o to g ra p h of d ried w hite p u p a cuticle. B eam perpendicular to th e surface. T he tran sv erse axis o f th e p u p a body is oriented vertically. X -ra y p h o to g rap h of th e d ry p u p ariu m . B eam perpendicular to th e surface, th e o rien tatio n being th e sam e as in figure 11 . In tercastes of two species of te rm ite s are described, and th eir significance is discussed.
I n t r o d u c t i o n
The occurrence of intercastes in colonies of social insects is surprisingly infrequent. In almost all of them the abnormal individual is clearly a member of one caste and possesses only a few and usually unimportant features of another caste. Among the termites the most striking intercastes as yet recorded are some soldiers of the primitive family Kalotermitidae, which differ from normal soldiers only in the possession of rudimentary wings and in some cases in the abnormal development of the gonads. More numerous and varied inter castes have been found in colonies of ants, but few of them show combinations of many highly contrasting features.
